Abstract: This paper presents a novel Real-Time Localisation System (RTLS) based upon 2.45 GHz Surface Acoustic Wave (SAW) Radio Frequency Identification (RFID) systems. The system utilises a novel localisation method that combines the angular rotation of the RFID reader's antenna system with the inherent Time-of-Flight (TOF) distance measurement capabilities of the SAW RFID system. The system design rests upon the sound physical fundamentals of electromagnetic radiation and SAW operation. The system was implemented and empirically evaluated. It was determined to provide accurate 2-Dimensional (2D) location of the SAW tag that is within 3.17 cm of the actual location for a reader to tag range of up to 10 m.
Introduction
Recently, there has been a significant interest within the Radio Frequency Identification (RFID) field for initiatives using Surface Acoustic Wave (SAW) based RFID tags. SAW devices are a radically different RFID implementation when compared to the more common silicon-based RFID systems. The key differences between these two technologies are due to the physical characteristics of the substrate materials used to create the tags and the use, or lack thereof in SAW tags, of functional elements like transistors, capacitors and diodes. SAW tags utilise a piezoelectric substrate such as lithium niabate and commonly have one metal layer deposited upon them to create a functioning tag. Silicon-based tags, however, utilise silicon substrates and multiple layers of n-type, p-type, poly and metal materials to create devices and a functioning tag. The similarities in these systems lie in the fact that they both require that their tags communicate with the reader via radio frequency communications, and the tags carry and communicate an identifier that is used to identify the object to which the tag is affixed.
In SAW-based RFID systems, the reader sends out a signal spike or ramp in the allotted frequency band, such as the 2.45 GHz Industrial, Scientific and Medical (ISM) band. The SAW tag receives this electromagnetic signal and converts it into a mechanical SAW by way of an Inter-Digital Transducer (IDT). The SAW propagates across the surface of the piezoelectric substrate away from the IDT. Partial reflectors, created from the deposited metal and located at precise distances from the IDT, partially reflect the mechanical surface wave on the substrate. A unique sequence of waves propagating towards the IDT is created by these reflectors. The IDT converts these waves into an RF signal, effectively transmitting the tag's data to the reader (Hartmann, 2002) . The unique RF pattern communicated by the tag, which is a sequence of reflections of the reader's sent signal, is received by the reader and decoded to reveal the unique identity of the tag (Hartmann, 2002) .
The physical operating characteristics and communication capabilities of SAW RFID systems enable the distance of the tag from the reader's antenna to be accurately determined by the Time-of-Flight (TOF) of the communication signals. This inherent feature of SAW RFID systems, which does not exist for any active or passive silicon-based RFID system, make them well suited for use in low-cost Real-Time Location Systems (RTLSs).
In this paper, we present a novel SAW RFID enabled RTLS method and system that utilises a systems approach in solving the fundamental need for 2-Dimensional (2D) localisation systems: accuracy. Our method is founded upon the physics of electromagnetic radiation and the operation of SAW RFID systems. We review the physics of piezoelectric materials, the piezoelectric effect and SAW RFID systems in Section 2. And, in Section 3 we examine the fundamental design parameters that impact the function of SAW RFID tags. Our novel RTLS system merges a SAW RFID system using a single reader antenna with current Radio Detection and Ranging (RADAR) techniques. By using the angular rotation of the SAW reader's antenna, our novel method is shown to allow 2D localisation for the first time using a single antenna with a SAW RFID system. In Section 4, we examine the physical foundations for using the angular rotation of the antenna system in conjunction with the SAW RFID read attempts. In Sections 5 and 6, we detail and analyse the experimental method and model used to evaluate our RTLS system. The detection algorithm is analysed for accurate localisation in Section 7. In Section 8 we present the experimental test setup used to examine the system. Section 9 presents our discussions regarding results obtained from the experimentation of the RTLS system. We draw the relevant conclusions in Section 10.
Background
The means of detection employed by SAW-based RFID systems involve the changing of physical properties of the signal using a transduction mechanism. This is accomplished by converting the RF signal to an acoustic wave and then back into an electrical signal (Hartmann, 2002) . This conversion is done by means of an IDT, which is deposited onto the piezoelectric substrate and is connected to an antenna for the RF signal detection and radiation. In addition to coupling to the incident electromagnetic radiation, the IDT allows the coupling of this radiation onto the substrate. In doing so, the IDT serves as an effective coupling mechanism between the electromagnetic signal and the mechanical or acoustical signal on the substrate. There exist a constant called the coupling coefficient that describes the effectiveness of the conversion between the electrical and mechanical signals. The coupling coefficient K 2 (%) gives a good indication of the energy transfer and bandwidth. A greater value would typically contribute in higher energy transfer and wider bandwidths (Julian et al., 2002) . The coupling coefficient is determined by the design and implementation of the IDT. Figure 1 presents the typical systems view of the SAW-based RFID system. Notice that the interrogator, or reader, sends an interrogation signal that is reflected back by the SAW tag. This response is detected as a read and can be associated to a specific tag based on the reflector sequence for the given tag. SAW tags are programmed during the manufacturing process and will not allow user manipulation of the tag ID. The following section describes the details of piezoelectric materials that are important to the operation of SAW RFID tags. 
Piezoelectric materials
In a piezoelectric crystal, the crystal remains electrically neutral because the positive and negative charges are symmetrically distributed. During the application of mechanical stress, the symmetry is disturbed causing charge asymmetry. This charge asymmetry generates a voltage across the piezoelectric material. The piezoelectric effect is based on the relationship of energy transfer from the electrical to mechanical domain and vice versa, that is, a relationship between Gauss' law and Hooke's law (Dunn and Whatmore, 2001) . This relationship between the electrical and mechanical properties is governed by the following equations, where , , 1, ,6 i j m = … and , , 1,2,3 k l n = (Arumugam et al., 2007) .
Here S, D, E and T are the strain, dielectric displacement, electric field and stress, respectively, and , ε are the elastic compliances, the piezoelectric constants and the dielectric permittivity, respectively (Arumugam et al., 2007) . Thus, the voltage generated by this effect is directly dependant on the force (mechanical stress) applied to the piezoelectric substrate (Arumugam et al., 2007) . The direction in which the stress is applied is important because application of stress on one side or direction will generate more voltage in that direction/side (Dunn and Whatmore, 2001) . Thus, in a SAW-based RFID system, it is this relationship of stress and strain that governs acoustic wave generation and conversion to electromagnetic radiation through the IDT.
SAW-based RFID systems
The SAW-based RFID system consists of five major components: namely, the reader, the tag, the reader antenna, the tag antenna and the information subsystem utilising the information captured by the reader. The tag and the reader must be designed to accommodate the working of the SAW-based system (Arumugam et al., 2007) . Figure 2 is a diagram graphically presenting the operation of SAW-based RFID systems. These systems rely on the conversion of RF waves into nano-scaled mechanical or acoustic waves (Hartmann, 2002) . The acoustic waves propagate along the piezoelectric surface in the form of Rayleigh waves. Metal strips deposited on the piezoelectric substrate in a unique fashion act as tiny reflectors, sending part of the acoustic wave in the reverse direction back to the IDT while letting sufficient energy in the wave continue on its path (Arumugam et al., 2007) . A complete series of reflections creates a unique train of pulses (based on the deposited reflectors on the substrate) that will be converted into EM waves by the IDT. These waves are then detected by the reader and identified based on a specific identification algorithm (Arumugam et al., 2007) . The tag antenna design used for this paper is a patch antenna as shown in Figure 3 . The Model 501 SAW RFID reader manufactured by RFSAW Inc. and shown in Figure 4 is the reader used in our experimental analysis. The operating frequency for the RFSAW system is 2.45 GHz, an ISM frequency band. This reader has a 1000 (cycles/second) tag read speed for data collection. The reader antenna used for our experimental analysis is the HG2418P manufactured by Hyperlink Technologies. This device has a horizontal beam width of 22º, vertical beam width of 17º and other electrical specifications as given in Table 1 . Figure 5 shows the gain patterns for the vertical (a) and horizontal (b) polarisation gains. Here, we note that the vertically polarised gain is narrower than the horizontal polarised gain plot, and is the polarisation form that is used throughout this paper. As indicated in subsequent sections, it is easy to notice that this narrow beam would be a positive contribution to the localisation method used here. This is so because it decreases the potential locations of the tag on the arc when the tag is read. In the following section, a basic overview of design principles and parameters of SAW tags are produced to allow a better understanding of the mechanisms by which the system operates. A review of existing RTLS techniques follows that discussion.
Basic design of the passive SAW tag
The two important variations that are of interest in the SAW tag are the delay time τ and the frequency f. The change of a physical quantity relates a change in both the delay time and frequency of the SAW tag. This relationship is shown in Equation (3), where S y is the sensitivity of the tag (Reindle et al., 1996) .
Using Equations (3) and (4), it is clear that an important step in successful SAW RFID systems is to suppress the environmental echoes received by the reader. An effective suppression requires that there exist some type of delay in the processing of the environmental echoes. Current methods in practice to create a delay time or delay line are as listed below (Reindle et al., 1996) : 1 reflective delay line 2 resonator 3 dispersive delay line.
The reflective delay line techniques intelligently use the propagation path twice to enable smaller chips and are a good choice to obtain the necessary delay for the effective suppression of the environmental echoes (Reindle et al., 1996) . The resonator and dispersive delay line present rather complex methods of solving the similar tasks. In the resonator technique, an interrogation signal excites a resonator that is utilised to control a gating mechanism. This gating mechanism is then used to delay the signals in an attempt to filter the echoes. The dispersive delay line technique contains two major contributions: namely, the up-and down-chirp. These mechanisms are used to control whether or not the device is sensitive to the physical quantity changes (Ostermayer et al., 1996) . The behaviours of this system typically benefits from the Doppler Effect and have the great advantage of an adjustable sensitivity (Schmidt et al., 1994) . To understand the basics, the workings of the reflective delay line needs to be studied. In the reflective delay line, the changes in difference between two reflected signals are depicted in Equations (5) and (6) (Reindle et al., 1996) :
Using the delay differential as related above, it is mathematically easy to realise the phase difference ∆φ 2 − 1 at the carrier frequency, when the system is considered coherent. Equations (7) and (8) are used to exemplify the phase difference and the sensitivity of the reflective delay line (Reindle et al., 1996) .
Using the equations above, it is easily noticed that for a 2.45 GHz centre frequency and a delay time difference of 1.3 µs, the sensitivity has a factor of about 20,000 as shown in Equation (9) (Reindle et al., 1996) .
delay line 20,000
Figure 6 depicts the interrogation pulse of the reader, the environmental echoes and the RF response of the SAW tag. It is clear, that the reflective delay line has played a crucial part in removing the RF response from the majority of the environmental echoes by using time delay. Although this is an ideal depiction, it is noted that this depiction has held reasonably valid in rigorous testing conditions in most field environments.
Figure 6
Interrogation pulse, environmental echoes and RF response of the SAW tag Source: Reindle et al. (1996) .
Related work
Localisation techniques that currently exist are generally divided into the so-called fine-and coarse-grain localisation (Bulusu et al., 2000) . In regard to this, devices such as GPS have disregarded the system view and enabled the pooling of data using various methods. In the case of GPS, this method requires communication with a minimum of three or four satellites for more reliable Latitude, Longitude and Altitude (LLA) data. This LLA information is conveyed to the device from the satellites through a low bandwidth, low power communication link. This communication link requires considerable power on the part of the receiver and inconveniently forces an active (power supply or battery) solution. Other devices that use a system view such as those demonstrated for many years in passive RFID systems use age old triangulation methods that basically have been tuned for more accurate positioning or localisation. These methods use the systems view and postulate that the devices do not necessarily need to know their locations, especially if the locations are known by the parent or master, for example, the reader. In this paper, we show a new method of localisation using a systems perspective without using a triangulation method. The SAW-based RFID system is shown to have the capabilities to enable localisation using the following two parameters:
1 read range 2 maximum correlation.
In order to proceed with the proposed theory and its explanation, we survey the state of RTLS and localisation in existence today. In doing so, a brief explanation is presented regarding fine-grain localisation techniques and coarse-grain localisation techniques. The single antenna localisation theory will introduce a vastly uncharted territory where maximum correlation and read range can together localise objects with high accuracies.
Fine-grain localisation
Fine-grain localisation techniques include the signal strength measurements and directionality. These parameters are often used to discover and solve a uniquely solvable localisation problem. In this section, we discuss timing, signal strength, signal pattern matching and directionality. These factors are shown to have concrete relevance to localisation.
Timing
The timing factor is often better known as TOF. The TOF is a key parameter in determining the time taken for a signal to travel from points A to B. In SAW devices, no silicon processing is needed and therefore the time delay required for the reflectance of the signal (or pulse) is clearly known based on the design of the piezoelectric material and its reflectors. Therefore, an accurate measurement of the time taken for the signal to return to the reader, from when the interrogation was made (pulse or ramp sent out) would yield a precise (within tolerances) estimate of the distance between the reader and the tag.
Equation (10) is a simple way of classifying the TOF and tag delay line denoted (Tag) f as variables to the total identification round trip time of a SAW tag.
Signal strength
Signal strength is a very important factor that must be taken into consideration for the SAW system. The signal strength of the tag received at the reader (Received Signal Strength (RSS)) is a clear indication of the range in many circumstances. Since the power levels observed by the SAW readers are low as compared to other systems such as the WIFI networks that operate at 2.45 GHz, these measurements are often not highly accurate. However, proper averaging can be done of multiple samples to allow for a much accurate reading of the range. In any case, the signal strength from the reader can be used to explain parts of the skewing problem. The skewing problem exists when the tag skews or slides away from the normal incidence of the readers' antenna. When this happens, it is noticed (and shown in later sections) that the signal strength received at the reader changes significantly with high repeatability. In the dual-slope model, it is assumed that the height of the reader and the SAW tag could be different from each other. The power of the received signal at the receiver in the dual-slope model can be expressed using a modified version of the Friis formula and is shown in Equation (11) (Bridgelall, 2002) .
( ) (
where P r is the received power, P t is the transmitted power, G r is the reader antenna gain, G t is the tag antenna gain, λ is the wavelength (c/f), p is the polarisation mismatch, N is the variation of power before the breakpoint, N B is the increased signal loss beyond the breakpoint and R o is the breakpoint distance as depicted in Equation (12) (Arumugam et al., 2007) .
where h r is the height of the tag antenna and h t is the height of the reader antenna above the surface. Given a specified tag turn on power (0.3 µW in this case), one can successfully an estimate the distance by using Equations (11) and (12). Figure 7 depicts the SAW system used in this paper for the given tag antenna gain range of 0.1-10.1 dBi. The values used in the specified model are P t = 20 dBm, G r = 18 dBi, G t = 0.1:1:10.1, f = 2.45 GHz, p = 1.0, N = 2, N B = 4, R o = 55.2 m, h r = 1.3 m and h t = 1.3 m (Arumugam et al., 2007) . These values are suitable for a SAW-based RFID system operating in a field environment and close to a surface. Analysing Figure 7 , it is clear that a typical maximum operating range for the 6 dBi tag antenna present in the single patch antenna should be approximately 28 ft. Further field tests have validated this model and proven that a simple signal strength measurement could yield tag range accurately in simple environments.
Signal pattern matching
Signal pattern matching is also a very important part of SAW-based RFID systems. Here, signal pattern matching is often called the correlation of a signal or just correlation. An often over-sampled procedure is incorporated with averaging for the purpose of redundancy. This averaging function is done in a manner to produce a parameter called the maximum correlation. This maximum correlation is basically a stringent comparison of an ideal tag response as compared to the received tag responses. Every deviation from the ideal response is generally quite unique in nature and is often caused by pure randomness in the environment. However, it is often noticed that the maximum correlation (ideally at 1.0) reduce as the tag divulges further from the reader or away from the normal incidence. These are key factors to be taken into consideration when considering the localisation issue.
Directionality
The directionality of the tag is a well-known factor. Directionality is often controlled by the antenna characteristics or properties. For example, a linearly polarised antenna is far more directional than a circularly polarised antenna. Similarly, a monopole or dipole antenna is far less directional than a patch or double patch antenna (Arumugam et al., 2007) . This directionality rules are not active localisation methods. Active localisation methods are when variables are changed or used in real time to give finer-grains during real-time localisation efforts. Instead, these methods would be passive localisation techniques. This technique is often used to simplify the localisation dilemma and is also employed here. A linearly polarised antenna is used in a vertical manner for the readers' antenna in this paper. Similarly, a single patch antenna tag is employed to utilise the passive directionality approach in this paper.
Coarse-grain localisation
Coarse-grain localisation methods are often time consuming, costly and require many sensors. An example of this type is when localisation is done using IR sensors in a room (Bulusu et al., 2000) . Typically, many sensors are used to localise the coordinate of the object measured. This type of measurements are often very robust, but as pointed out highly inefficient in terms of cost and infrastructures (Bulusu et al., 2000) . These methods tend to also be suitable for small areas only and have in the past been very incapable of taking the networked approach. This method is not described in this paper.
Method
The single antenna localisation theory uses a Single-Antenna Single-Reader Approach (SASR) to solve the localisation problem. As the name suggests a SASR system has only one reader antenna and one reader that keeps track of all the tags in the field. To do so, it uses the TOF information, maximum correlation and passive directionality. Since the RSS is generally known to vary with the environment, consideration must be given for other parameters such as the maximum correlation and TOF. The SAW-based system is accurate to within a few tens of centimetres in terms of range measurements. However, range measurements do not give much insight into the 2D localisation besides the high probability that the tag is within a specified arc at a certain range. Currently a number of fixed location reader antenna and readers are required to get real-time data from tags to localise tags (through triangulation). We implement RTLS using the SASR system and RADAR techniques to obtain real-time localisation data. In doing so, the readers' angle relative to normal would be varied similar to RADAR systems. This would be done in a circular fashion and could even cover a complete range of up to 360°. Figure 8 is a depiction of the reader antenna rotating counter-clockwise at a constant angular velocity. The response obtained from the tag is checked for its correlation with the pattern stored in the system. 
Modelling technique
In this section, a holistic view of the SAW SASR RTLS model is presented with simulation results. In understanding the needs of the RTLS system, a parametric view of the system is required to comprehend the fundamental limitations. To simplify this process, a quick round of elimination can be used. SAW-based systems have linear differential when considering read range. Because the read range is fundamentally dictated by the time of arrival given by Equation (10), it is accurate to a small degree of error. This allows SAW-based systems to use transaction delays to predict or detect tag distances from the reader. This feature is an obvious method that is used in this simplistic model. The other features considered were the RSS, readability ratio and maximum correlation. The RSS and the maximum correlation are known previously to give better indication regarding localisation (Arumugam et al., 2007) . On the other hand, the readability ratio seems to also offer some location awareness. There are two rather direct methods to identify the key parameter needed from these three measurements. The first method uses a physical comparison of the curves. It is very obvious that the maximum correlation curves show much higher sensitivity than RSS. These sensitivity changes are seen by the instantaneous derivatives of the curves at points away from normal line of sight. Similarly, it is noticeable that the trends for RSS curves are more sensitive to localisation in a 2D space than the readability ratios. The second method used is logical and uses the definition of these parameters. It is well-known that the readability ratios are more dependent on many other factors such as the environment and performance related issues. On the other hand, the RSS is a key investigator for many active systems where RSSI is used successfully for range predictions. Such systems are currently widely used by various nodes in a sensor network fashion. It has been shown in the past that RSSI could be used for range, however, it does not predict location well, as it is dependent on the attenuation caused by the environment (Arumugam et al., 2007) . The only other logical choice therefore would be to consider the maximum correlation. It is known that the maximum correlation is a complex pattern matching, done to identify similarities between the received tag signals and the ideal patterns. In doing so, an account of signal strength and more importantly the environment is considered, but in a limited fashion. Even more importantly, the maximum correlation gives information on not only the comparative distance of the tag away from the LOS of the reader, but also the relative speed of the tags movement. As the tag moves at a higher velocity than the reader, the width of the spikes sent by the reader is perceived to be smaller than expected. This of course takes into consideration the initial conditions of the tag and also the reader movements. This statement is true if the tag moves in the same direction as the reader. There are interesting occurrences for the scenario where the tag moves faster than the reader. This is so because the motion vectors need to be considered along with initial conditions. Following this train of thought, the simple approach is to regard the tag location as a probability arc. The probability arc here is denoted purely by the maximum correlation and reader LOS, as well as reader movement (remember that the reader is rotating counter-clockwise, similar to the RADAR method). This basic theory uses the assumptions that the tags pattern is known, and that the environment is somewhat ideal. Experiments tend to show that although the environment does play some role; maximum correlation values are fairly consistent (Arumugam et al., 2007) . Equation (13) is used to model the probability that the tag was at a point in a 2D space given it was read with a certain maximum correlation value:
where MC is the maximum correlation of the tag. Using this and the TOF information to calculate the range, the analysis is conducted to show the error curves for a system normalised for a reader moving 360°.
Detection algorithm
This section discusses the detection algorithm. The reader system is assumed to have a readability ratio of 1.0 at LOS and 0 elsewhere. The tags are always assumed to be normal to that of the LOS so that it always faces the antenna. The goal of the algorithm is to locate all the tags at any given time with a single reader. This algorithm is robust to noise and other external disturbances. The two cases of concern in the detection scheme are as given below:
1 tag is stationary 2 tag is in motion while reader rotates at a given angular velocity.
Stationary tag
In this case the tag is assumed stationary for a substantial amount of time or fixed at a particular location. The reader antenna has a clear line of sight of all the tags in its space. When the reader reads the tag it compares the response pattern of the tag to the pattern stored in the database. The comparison of the two patterns gives use the maximum correlation value which is used for the identification of the tag. When the reader starts reading the tag, the value of maximum correlation varies from 0 to 1. The error probability of locating the tag decreases as the value of the maximum correlation increases. The tag can be located with the highest accuracy when we have the maximum correlation value as 1. At this point or at the point where the maximum correlation is highest, the location of the tag is recorded and its coordinates stored for future reference.
Tag and reader in motion
In this scenario, the tags that are in motion with higher velocity vectors (normal to the LOS) than the readers' angular velocity is considered subject to the stationary tag case. A parameter called the read threshold is created that allows a read assignment for any tag read with a maximum correlation value above that threshold. If however, a tag is read with a threshold below this value, the reader system would look for a second read. If the second response is not acquired within a set period of time, the read is considered a ghost read and its implications are ignored. In the case where the second response is above the threshold, then the location of the tag is assigned immediately and the first read is discarded.
In the scenario where both reads are below the threshold, comparisons of the two reads are used to predict the location (sides) of the tag relative to the reader (on the arc). Using a variant of Equation (13), a valid prediction can be made as to the location of the tag. If however, the second response gives a maximum correlation value equals to the first, a third read attempt is initiated. In the case where the all three read attempts give the same values, the tag location is recorded based precisely on Equation (13). Finally, if the maximum correlation changes then the localisation of the tags are routed to appropriate steps in the algorithm. Figure 9 illuminates the flow diagram as discussed in this section. Notice that the two endpoints are the recording and predicting of the tag location. This detection algorithm allows a true 2D localisation for the SAW system implemented using RADAR techniques and a rotating antenna system. 
Test setup
The test setup for the experiment is depicted in Figure 10 . A reader is placed in the centre of the auditorium with the dimensions of 50 ft by 80 ft, that is, 40 ft from the side walls and 70 ft from the back wall. The tag is placed at varying distances, ranging from 2.8 to 12.4 ft, along the reader's normal, also referred to as the reader's line of sight. For the purpose of the test, the reader is left stationary while the tag is moved. A complete test, as described below, is conducted before moving the tag to a different distance (tag-reader separation). For each test, the tag is initially placed along the reader's normal for a particular distance, ex. 2.8 ft. and a 1000 reads are conducted at that location. The maximum correlation, RSS, the read range and the amount of actual reads for every thousand read attempts are recorded. The tag is then moved one foot at a time on the right side (i.e. 1 ft right of the original location) and the test is repeated. The tag is moved and the test repeated until it is no longer within the read range of the SAW reader. Similarly, the experiment is repeated for the left side. The following section presents detail experimental results for the read range, maximum correlation, RSS and readability ratios. These results will show that the use of maximum correlation yields higher accuracies than RSS and readability ratios, even in ideal conditions. 
Qualitative analysis
In this section, light will be shed in the key localisation techniques employed by this paper. Figures 11-14 show detail experimental results for the methods as described in Section 5. The test setup and experimental methods used are described in Section 8. This setup is maintained throughout the testing and experimentation to allow for the uniformity and repeatability of the results. Figure 10 depicts the scenario within the tag-reader setup. The sampling range here is the distance between the tag and the reader at normal incidence. The sampling range is continuously increased to measure for all distances of the tag in the environment. The skew is the degree of which the tag is moved away from this ideal line of sight incidence point. It is measured in feet and has a positive or negative component. The read range is a parameter reported by the reader and is measured in feet. This parameter is reported using the TOF information and is recorded for every combination of skew and sampling range. Figure 11 depicts the read range in feet plotted against the skew in feet for a set of given sampling ranges. It is obvious that there exist a trend that shows the read ranges incrementing as the skew increases for each set sampling range. This increase in read range is obvious, since an increase in skew as depicted in Figure 10 relates to an increase in tag-reader separation.
Figure 12
Maximum correlation versus skew (feet) Figure 12 shows the maximum correlation plotted against the skew in feet. Note that abnomalies exist for the near field (2.8 and 3.7 ft read range). During this measurements, maximum correlations of above 1.0 is observed for low skews. This is so because at strong signal matching, amplitude is used as a key ingredient in the correlation factor. At these low skews and low sampling ranges, the amplitude of the received signal tends to be stronger than expected. This causes the maximum correlation to shoot beyond 1.0. Notice that the trends for the maximum correlation are exponential in nature and therefore would yield higher accuracies especially in a LOS identification method as employed in this paper. Figure 13 depicts the RSS (RSS in dB) versus the skew for the same given set of sampling ranges. Similar to the maximum correlation data as depicted in Figure 12 , the RSS plots give a good indication of the tag LOS. However, notice that unlike the maximum correlation, they are not exponential in nature. In fact, the RSS plots are logarithmitic in nature and therefore, are less accurate than their maximum correlation counterparts. Furthermore, the RSS is known to be highly susceptible to environmental changes. Because of these higher degrees of inaccuracy close to the LOS, this method is neglected in the model used in this paper. Figure 14 shows the readability (or read ratio) plotted against the skew. Although the readability cannot be used as a localisation factor, it is very interesting to note that it follows a predictable trend and do bare some resemblance to the RSS plot. Here the purpose of the readability plot would be to keep the localisation factors in check. If for example, the readability ratios are reduce during a localisation effort, then it is conceivable that the target is moving away from incidence. In such cases, the read cycles must be increased to give higher predictability to the other two factors used. Thus, the readability ratio can be looked upon as a check and balance system that ensures the localisation effort is successful. Figure 15 is a set of four plots for every instance of a read cycle. In this scenario, the tag present is motionless and at a specified location, while the reader surveys the perimeter. The red arcs are the probabilistic estimations for the tag presence given the maximum correlation values obtained. It is obvious that as the maximum correlation reduces, the probability that the tag exists at the readers' current LOS location decreases tremendously. This would yield a much longer arc for where the tag could reside. Therefore, for a reader to tag distance of 10 m and a maximum correlation read of 0.9, it is found that the model presented works well to describe the accuracy in localisation and can be estimated using Equation (14) . Notice that the reader antenna's vertical beam width of 17° is used.
( ) tag 2 tan 17 3.17 cm
In order to understand the clarity of these results, we notice that the key importance must be placed on the difference between the processed range of the SAW RFID software system, and the actual range. Figure 16 is a plot of the processed range as compared to the actual range for three different types of SAW RFID tags. The tag used in this analysis is the single patch antenna as displayed in Figure 3 . We notice that Figure 16 depicts a strong linearity in the results, and show that the processed range of the software systems is within marginal error of the actual range of the tag, regardless of the type of tag used. Another interesting variable of concern is the effect of vibration on the system. In the RTLS method employed in this paper, vibration on the tag, caused by vibrating objects (where the tag is placed on) could potentially cause errors associated with the localisation effort. Table 2 presents the test cases for the vibration spectrum for the typical US highway truck (Arumugam et al., 2007) . This test profile is derived from MIL STD 810F, Table 514 .3C which is used in Arumugam et al. (2007) to make an argument for the stability and reliability, as well as readability and maximum correlation of the SAW RFID tags in a vibration mode, caused from travel on a typical US highway truck. We deem this comparison as adequate for the purpose of vibration discussed in this paper. In Arumugam et al. (2007) , the authors test the vertical axis profile, since it provides the maximum stress level of 1.04 g. They also perform the sine sweep test for the maximum test frequency of up to 2000 Hz. Figures 17 and 18 produces the results from the experiment performed in Arumugam et al. (2007) . In Figure 17 , we notice that for vibration in all three axes, the readability of the system is maintained at 1.0 (or 100%). Similar results are also found for the case of the sine sweep test in Figure 18 , which draws the conclusion that vibration for any frequency between 20 and 2000 Hz has no effect on the performance of the SAW RFID system. The interesting limitations evident in the SAW RFID reader systems are divided into two key aspects. The first being that the number of tag identifications as discussed in Arumugam et al. (2007) remain much lower when compared to current passive UHF RFID systems in the market today. Furthermore, as shown in Arumugam et al. (2007) , the system requires exponentially increasing read attempts in order to read linearly increasing tag counts in the read zone of the reader. This significant problem is a key dilemma faced in the identification system presented here and is therefore, the main problem faced by the localisation system presented in this paper. The second limitation faced by this localisation method is also a key limitation of the current SAW RFID reader system. As discussed in Arumugam et al. (2007) , the SAW RFID reader system performance is much dependent on the computer system performance, and therefore requires higher performance and resources from the user's computer system. This is a problem that is observed to have significant issues with tag identifications in the anticollision rounds and suffer drastically when the tag count in the read zones of the SAW reader increases. These problems are currently being dealt with and its' progress will be reported in further publications. 
Conclusion
In this paper, 2D localisation using a single reader antenna in real time is demonstrated with a systems approach based upon a SAW RFID system. This systems approach allows for a localisation effort using fundamental fine-grain techniques such as timing, signal pattern matching and directionality. It is shown that localisation using a single antenna is possible if multiple fine-grain techniques are used for accuracy. It is also pointed out that readability ratios can be used as feedback mechanisms to improve the accuracies of SAW-based localisation techniques. A test plan is constructed and an analysis is performed to evaluate qualitatively each fine-grain localisation parameter individually.
The results of the analysis are presented and a detailed detection algorithm is explained. Finally, the SAW-based RFID system is shown to be accurate in 2D localisation when used with RADAR techniques such as the angular rotation of the antenna system. It is found that the RTLS system is within 3.17 cm accurate for a tag distance of 10 m when used with a vertical beam width of 17°.
